ABSTRACT A rapid method for assaying [3H]gibberellin A4 bound to a soluble protein from cucumber hypocotyls by using DEAE-cellulose filter discs is described. The binding is saturable, reversible with unlabeled gibberellin A4, and has a half-life of association under nonequilibrium conditions at 0-4rC of 6-7 min.
Elsewhere (1), we have shown that [3H]gibberellin A4 ([3H]GA4) binds reversibly and with high affinity to a soluble protein prepared from extracts of cucumber hypocotyls. This binding is saturable and pH sensitive and satisfies many ofthe criteria used to define hormone-receptor interaction (2) . In that study, Sephadex gel filtration was used to separate bound from unbound [3H]GA4. Because gel filtration is time consuming and the halflife of binding at 0°C under nonequilibrium conditions is in minutes, it was imperative to develop a method for a more rapid, separation ofbound GA from free GA. In this paper, we report on results from a rapid, sensitive, and reliable assay of bound GA4 by using DEAE-cellulose filter discs.t This assay is based on the ability of GA-binding protein to adsorb to DEAE ion exchanger at neutral pH and low ionic strength. The DEAEcellulose filter assay was patterned after similar methods of measuring colchicine-binding proteins (6) and steroid receptors (7) . The results reported here are highly repeatable and indicate the Kd ofhormone-protein association to be 70 nM for GA4 and further that biologically active GAs compete for the binding, whereas biologically inactive GAs and other plant hormones such as indoleacetic acid, abscisic acid, and kinetin do not.
MATERIALS AND METHODS
Plant Material. Cucumber seeds (Cucumis sativus Linnaeus cv. National Pickling; Buckerfields, Vancouver, BC) were surface sterilized in 1% sodium hypochlorite and sown in vermiculite moistened with distilled water. Seedlings were grown in darkness for 5-6 days at 23°C, then brought into the laboratory under natural light conditions and used the following day.
Extraction of Soluble Gibberellin-Binding Protein. Twocentimeter "hypocotyl units" (8) were excised and held on ice in a buffer containing 10 mM.Tris HCl, 0.25 M sucrose, 1 mM ethylenediaminetetraacetic acid (EDTA), and 2.5 AM phenylmethanesulfonyl fluoride (extraction buffer, pH 7.5). The pooled hypocotyls were then blotted, weighed, and ground with an equal volume (1:1, wt/vol) of extraction buffer, using a chilled mortar and pestle. All subsequent operations were carried out at 0-4°C. The extract was filtered through eight layers ofcheesecloth and centrifuged 1 hr at 130,000 X g in a Beckman model L2-65B ultracentrifuge. The supernatant was either used directly in the binding assay or frozen in acetone/dry ice, lyophilized, and stored at -20°C. Although there was a slow loss of specific binding in the supernatant upon repeated freezing and thawing, specific binding in reconstituted lyophilized material was equal to that in the fresh supernatant and stable for at least several months when stored in the dry state at -20°C. When the 130,000 x g pellet from the filtered extract was assayed, it was resuspended in extraction buffer by using a ground glass homogenizer.
Protein was measured in the extracts by using Bio-Rad protein assay solution and bovine serum albumin as a standard.
Filter Assay. In the standard assay for GA4-binding protein, to a final concentration of0.1 ,M GA4. After incubating 1-2 hr on ice, a 50-,ul aliquot was assayed for bound hormone by DEAE-cellulose filtration as described below. To determine nonspecifically bound [3H]GA4, parallel incubations were performed in which a 100-to 1000-fold excess ofunlabeled GA4 was added simultaneously with the labeled hormone as a competitor for the specific binding component (1) . Samples were normally assayed in triplicate.
The filtration assay for bound [3H]GA4 was. performed at, 0-4°C as follows: a stack of two DEAE-cellulose filter discs (diameter 2.5 cm, Whatman DE 81) was soaked in 10 mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA (assay buffer) and inserted into a Millipore filter manifold capable ofhandling up to six replicates. The filters were rinsed with 20 ml of assay buffer, the vacuum was released, and a 50-,ul aliquot ofsample was applied. After exactly 1 min, 75 ml ofassay bufferwas drawn through the filters by suction to remove unbound [3H]GA4. The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. discs were allowed to run dry for 2-5 sec after the wash, then were placed in scintillation vials containing 1 ml of 100% methaaol. After 30 min, 6 ml of Aquasol-2 (New England Nuclear) was added. The vials were shaken and left overnight before measurement of radioactivity in a Beckman liquid scintillation counter. Counts were corrected for quenching, and the amount of [3H]GA4 specifically bound was calculated by subtracting the activity bound in the presence of excess unlabeled hormone from that bound in its absence.
The total [3H]GA4 concentration of the incubation was also routinely checked by measuring the radioactivity of a 5-to 10-p1 aliquot without filtration.
Reagents. [3,4-3H] GA4 (specific activity 38 Ci mmol'1, 97% purity) was obtained from New England Nuclear. Pure samples of unlabeled GAs and GA analogs used in the competition experiments were the kind gifts of N. Murofushi. All GAs were stored in 100% ethanol at -20'C. Before use, the solvent was evaporated under N2 and the GA was suspended in assay buffer. All other chemicals were obtained from Sigma.
RESULTS
Several experiments were performed to determine the optimal conditions for binding and reproducibility ofthe assay. Although the isoelectric point of the binding protein is not known, and not all proteins are adsorbed to the filters at the assay pH, several lines of evidence suggest that adsorption of the binding protein to the filters is essentially complete at the assay pH of 7.5 (previously shown to be the optimal pH for specific binding). About 80% of soluble protein and all binding activity was removed from the cytosol by passing it over a small column of DEAE-Sephadex calculated to have the same capacity per mg protein as the filter discs (data not shown). Also, the linearity of the assay with protein concentration (see later) and the recovery of the same apparent quantity of specific GA binding sites per mg of soluble protein as found with another assay (1) indicate efficient recovery on the filters. The number offilters used, and thus the amount of sample that can be applied, is a compromise between efficiency of protein binding and speed of filtration. Receptor-GA complexes dissociate rapidly under nonequilibrium conditions during washing. Specific binding is, therefore, reduced with a single filter due to lower capacity, and with three filters due to the increased time necessary for washing. Fig. 1 shows that when [3H]GA4 is applied to two DEAEcellulose filters, washing with 70 ml of 10 mM Tris HCI buffer is sufficient to remove most of the "unbound" radioactivity. Adsorption to the filters alone is approximately 0.15% of the applied radioactive material. Buffer of greater strength (20-50 mM) and KCI at 100 mM were found to increase the "washout" rate, but not the final level of nonspecific binding. However, higher buffer and salt concentrations did lower the recovery of specifically bound GA4. Low ionic. strength is, therefore, important in adsorption of the GA-binding protein to the filters. A 75-ml wash gave virtually complete removal of unbound radioactivity. This was necessary because of the rather high nonspecific binding. Vacuum filtration of 75 ml takes about 1.5 min. Assays that take longer give much reduced specific binding.
Specifically bound radioactivity was identified as authentic GA4 both by competition with pure, unlabeled hormone, and directly by TLC (1) . Fig nonradioactive GA4 and the half-time for dissociation is about 6-7 min at 0-40C (Fig. 3) .
We have previously shown that inclusion of sucrose and the protease inhibitor phenylmethanesulfonyl fluoride in the extraction buffer increases the recovery of soluble GA-binding protein. Those experiments were carried out in phosphate buffer. However, binding of the protein to the filters is more efficient in Tris-HCI, with no real difference in the recovery of binding activity. We measured the distribution of binding activity between GA-responsive apical hooks (8) and nonresponsive basal stem in the soluble and pellet fractions, as well as the effects of various substances in the extraction medium. Table  1 shows that in both the apical hook and the basal stem 80-90% ofspecific GA binding appears in the soluble fraction at 130,000 x g, and, further, that specific binding per mg of protein is approximately the same in the two regions. Nonspecific binding to the pellet is much greater than in the cytosol, however. Addition of Ca2", Mg2e, or K+ (at 0.1-1.0 mM) to the extraction buffer had no significant effect on specific binding activity or solubility. Likewise, polyvinylpyrrolidone (1%), dithiothreitol (1 mM), and detergent (Triton X-100, 0.1%) were without effect. The Triton did raise nonspecifically bound radioactivity drastically (data not shown).
Resuspended lyophilized cytosol was run through a Sephadex G-25 desalting column (PD 10, Pharmacia) equilibrated in extraction buffer. The desalted protein had precisely the same specific binding per mg of protein as the resuspended cytosol. Hence no free, low molecular weight cofactors in the cytosol are necessary for binding. Smearing of binding activity occurred, however, when a Sephadex G-50 column was used to desalt the cytosol. This probably indicates a molecular weight for the binding protein close to the exclusion value for Sephadex G-50 (30,000-40,000 molecular weight).
Both fresh and lyophilized cytosols were assayed for specific binding at [3H]GA4 concentrations between 6 and 600 nM. A Scatchard analysis (9) of these data indicates a single, saturable GA-binding component with high affinity for the hormone (Fig.   4 ). Both preparations gave an estimated kd of 70 nM for GA4 and the number of binding sites, n, equal to 0.4 pmol mg-' of soluble protein, or 0.69 pmol g-' (fresh weight) of hypocotyls extracted. Binding kinetics were also studied in the presence offixed concentrations ofvarious unlabeled GAs and other hormones. Double-reciprocal plots as shown in Fig. 5 at 0°C for 1 hr for binding to reach equilibrium. A portion was removed for determination of total binding (o) and a 100-fold excess of unlabeled GA4 (final concentration 10 uM) was added to the remainder (o). Aliquots from the above two mixtures were taken at intervals to 3 hr and the DEAE-filter binding assay was performed. Total binding was unchanged at 3 hr. Nonspecific binding, the constant level reached after 30 min in the presence of excess unlabeled GA4, was subtracted from each point. The half-time of dissociation is approximately 6 min at 0-4°C. The figure shows data to 1 hr only. In this experiment 100% = 1770 dpm. [3H]GA4 binding was determined by the DEAE-cellulose filter assay. competitive inhibitors are in good agreement with the relative activities of these GAs in the bioassay. DISCUSSION These results confirm those of our earlier study (1) , that darkgrown cucumber seedlings contain a soluble protein that selectively binds biologically active gibberellins. This binding is saturable, reversible, and of high affinity. The development of a rapid, reproducible, and sensitive filter-binding assay has allowed us to extend our observations on the kinetics of binding, the specificity ofinhibitors, and the distribution ofbinding protein in tissue homogenates. Cucumber cytosols assayed by this method typically show greater than 50% of total binding to be specific; i.e., the labeled GA4 can be exchanged for excess unlabeled hormone (Fig. 3) . The DEAE filter assay takes several minutes less time to separate bound from unbound radioactivity compared to the gel filtration assay used in our previous study. Because dissociation of the binding is rapid under nonequilibrium conditions, this speed is a major advantage and has resulted in a somewhat lower estimate for the Kd (from 100 to 70 nM for GA4).
We have previously detected specific binding oflabeled gibberellins to pea epicotyls and barley aleurone layers, which can be competed for by unlabeled, biologically active GAs when fed at 00 C in vivo but not in vitro (12, 13) . The DEAE-filter assay was attempted with crude and partially purified pea extracts incubated in vitro with [3H]GA1. Whereas no specific binding was obtained by using gel filtration, some specific binding of [3H]GA1 was indicated by using DEAE-filter discs, which reinforces our earlier supposition that the binding protein in pea is being denatured during extraction. Our work with cucumber has shown that repeated freeze-thaw cycles, warming to room temperature, or overnight incubation at 0C lead to a marked loss of specific binding and an increase in nonspecific binding. It may be that the GA-binding proteins of pea are more labile than those of cucumber and require slightly different procedures for maximal stability (for effects of extraction procedures on stability of steroid receptors, see ref. 14) .
The fact that cations and detergents that stabilize and disrupt membranes and microtubules do not affect the recovery of soluble GA-binding activity from cucumber suggests that this component is indeed a soluble protein and not a membrane-associated one released by the extraction procedure. The considerable amount of irreversible and nonspecific binding that occurs to crude pellet fractions incubated with [3H]GA4 in vitro in cucumber may explain the high radioactivity associated with wall fractions in lettuce hypocotyls incubated with [3H]GA1 as reported by Stoddart (15) .
The excellent correlation between the Y4 values for competitive GAs and their biological activities in the cucumber bioassay ( (2) that binding specificity should be related to biological activity of the hormone and its analogs.
We have previously reported that specific GA4-binding on a per mg of protein, but not fresh weight, basis is the same in the GA-responsive apical region as in the nonresponsive basal region ofthe cucumber hypocotyls (1) . In the present study, we have confirmed that finding, and we have noted specific binding even in cotyledons. Similar observations were also reported for GA1 binding in vivo to target (apical) and nontarget (basal) regions of pea epicotyls (13, 16) . This may suggest that the receptor molecules continue to be present in nontarget regions and that the control ofGA-mediated response(s) lies beyond the level ofhormone-receptor interaction. However, more detailed work using target and nontarget regions is needed to test this idea.
With a practical assay now at hand, it should be possible to purify and characterize the cucumber hypocotyl GA-binding protein. The availability of this assay also makes it possible to study the molecular basis ofgibberellin action in a higher plant.
